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Abstract 

In purely c-axis oriented PbZro.2Tio.sO3 ferroelectric thin films, a lateral piezoresponse force 
microscopy signal is observed at the position of 180° domain walls, where the out-of-plane oriented 
polarization is reversed. Using electric force microscopy measurements we exclude electrostatic 
effects as the origin of this signal. Moreover, our mechanical simulations of the tip/cantilever 
system show that the small tilt of the surface at the domain wall below the tip does not satisfactorily 
explain the observed signal either. We thus attribute this lateral piezoresponse at domain walls to 
their sideways motion (shear) under the applied electric field. From simple elastic considerations 
and the conservation of volume of the unit cell, we would expect a similar lateral signal more 
generally in other ferroelectric materials, and for all types of domain walls in which the out-of- 
plane component of the polarization is reversed through the domain wall. We show that in BiFe03 
thin films, with 180, 109 and 71° domain walls, this is indeed the case. 
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I. INTRODUCTION 



Materials in which strong electronic correlations give rise to novel properties as a re- 
sult of the coexistence, and in some cases, coupling of different orders are currently among 
the most intensely studied, both for their fundamental interest and in view of their po- 
tential use in multifunctional applications. Motivated in part by their recent availability 
as quasi-monocrystalline, epitaxially- grown thin films, much attention has been focused on 
multiferroic materials, combining two or more of the ferroic orders: ferroelasticity, ferro- 
electricity and ferromagnetism [I]. In particular, magnetoelectrically coupling ferroelectric 
polarization (with its associated pyroelectric and piezoelectric properties) with magnetic 
ordering greatly increases the potential for multifunctional applications, and provides a rich 
field for fundamental study of the complex response of such materials to a broad range of 
external fields. 

In all ferroic materials, the presence of symmetry-equivalent multiple ground states leads 
to the coexistence of regions or domains with different values of the order parameter, which 
are separated by thin interfaces or domain walls. These domain walls can themselves pro- 
vide additional pathways to multifunctionality, beyond that of their parent material. For 
example, recent work on the multiferroic BiFe03, which couples ferroelectric and antiferro- 
magnetic order, has shown conductivity in two of the three different ferroelectric domain 
wall types present in this insulating material [2], while in SrTi03 ferroelastic domain walls 
have been shown to present a polar, possibly even ferroelectric character under strain gradi- 
ents [3j. Theoretically, it has been suggested that different symmetries possible within the 
domain walls themselves, and also specifically the breaking of bulk symmetry at ferroelectric 
domain walls [4] could lead to unusual behavior. 

The presence of such additional functionalities at domain walls provides an exciting new 
opportunity to study the interplay between different ferroic orders, symmetry and strain. 
In addition, the intrinsically nanoscale size of the domain walls makes them interesting as 
potential device elements for ever smaller applications. However, it is this very small size 
that also presents the greatest challenge to experimental investigations of the behavior and 
properties of individual domain walls. 

One of the primary techniques developed in recent years, allowing the study of individual 
nanoscale systems at the requisite size scales, has been scanned probe microscopy, in which 
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different interactions between a specially fabricated probe and the sample surface can be 
measured with (sub)nanometric precision. For insulating materials such as ferroelectrics 
and multiferroic materials, various applications of atomic force microscopy (AFM), such as 
conductive- AFM and in particular piezoresponse force microscopy (PFM), used to study 
ferroelectric polarization [5H7], have been especially useful. 

In PFM, a metallic AFM tip is used to apply a periodic voltage across the ferroelectric 
material, locally exciting a complex mechanical response at the film surface. This piezoelec- 
tric response is in turn detected as the first harmonic component of the deflection of the 
AFM probe cantilever, recorded by the position of a laser beam reflected from the cantilever 
onto a quadrant-split photodiode. Detection of the vertical cantilever deflection and its an- 
gular torsion are referred to as vertical and lateral PFM, respectively (VPFM and LPFM). 
In each case, the response phase provides information on the polarization state, while its 
amplitude is related to the polarization magnitude. Depending on the piezoelectric coeffi- 
cient tensor d i j ) linked to the crystal symmetry, a combination of these two measurements 
allows access to both out-of-plane and in-plane components of the polarization (see review by 
Kalinin et al [8] and references therein). The situation becomes much more complex when 
structural variations of the film surface are encountered [9j, or when the sample presents 
a granular morphology of unknown crystalline orientation [TU] . In addition, artefacts due 
to cross-coupling between mechanical and electrostatic effects may be present [HJ [12] , and 
have to be taken into account. However, in spite of these complications, PFM has yielded a 
host of data on ferroelectric domain wall behavior, including detailed examinations of their 
static configuration and dynamic response, governed by the competition between elasticity 
and disorder [T3l - [T5] , domain wall interaction with a strong localized defect or tip potential 
pL6l H7] . and the possible influence of magnetoelectric coupling in BiFe03 [18J. Applying 
PFM specifically to the question of symmetry and symmetry-breaking within domain walls 
would be a natural and powerful extension of this technique. 

These effects of symmetry breaking or change may be observed even in the relatively 
"simple" case of a single-crystal-like c-axis-oriented tetragonal ferroelectric film (ie. with 
a purely out-of-plane polarization, directed along the c-axis of the film). From symmetry 
considerations, the rf 35 and rf 3 4 piezoelectric coefficients are zero, and thus no lateral piezore- 
sponse is expected under the application of an out-of-plane electric field. However, recent 
numerical analyses in the framework of resolution-function theory show that at the position 
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of 180° domain walls in such a film, a local shear originating from strain effects [4] leads 
to an horizontal displacement of the surface at the domain wall. This displacement has 
a similar effect to that of a non-zero rf 35 (or rf 34 ) bulk crystal coefficient, giving rise to a 
lateral PFM signal. For clarity we label this local enhacement of domain wall shear 
(similarly to the d e JJ notation of reference [4J). Although such signals had already been 
observed in tetragonal materials like PbZro.2Tio.sO3 (PZT), they were previously attributed 
to other mechanisms, including purely vertical height differences between the regions with 
opposite c-axis polarization [19] resulting in tilting or torsion of the AFM cantilever [20l EE] , 
or to surface electrostatic effects at domain walls [22]. We therefore decided to carry out a 
detailed PFM investigation of such domain walls to determine the microscopic origin of the 
observed LPFM response 

In this article, we report on the LPFM signal observed at 180° domain walls in tetragonal 
ferroelectrics, which we attribute to shear strain resulting from the symmetry-breaking sign 
change of the vertical deformation (linked to the rf 33 coefficient) across the domain wall. 
After a review of the materials and experimental techniques used in our studies in section 
II, we present the experimental observations of shear strain leading to LPFM response at 
PZT domain walls in section III. By comparing the time evolution of the PFM signal, which 
remains undiminished over the month-long duration of our experiments with electric force 
microscopy measurements, whose amplitude decreases over time, we show in section IV that 
the observed signal is not of electrostatic origin. With finite element simulation of the tip- 
sample interaction during PFM, and topographical analysis of the domain walls under a 
constant applied bias, in section V, we also exclude surface tilting as a potential microscopic 
mechanism behind the LPFM response. The details of the shear-strain scenario, including 
simulations of the resulting cantilever deflection and torsion, are discussed in section VI. 
Finally, in section VII, we consider the LPFM response at different types of domain walls in 
BFO thin films grown in different crystallographic orientations, showing how the response 
to both shear strain and in-plane components of polarization contributes to the final LPFM 
signal. 
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II. METHODS 



A. Growth 

PZT and BFO films were epitaxially grown on SrTiOa substrates by sputtering and 
pulsed laser deposition, respectively. AFM topography studies (Fig. [T]) show their typical 
surface rms roughness to be 0.4 nm for 70nm PZT, 1.3 nm for 250 nm PZT and 2 nm for 
BFO. Bottom electrodes of SrRu03 or La .7Sr .3MnO3 (in the case of (lll)-BFO only) were 
used. As demonstrated by x-ray diffraction studies, the PZT films are tetragonal, with a 
monodomain "up" polarization as grown. The thinner films (70 nm) are purely c-oriented, 
with a cube-on-cube" growth on the (OOl)-STO substrates, while thicker films (250 nm) 
also show the presence of a small amount of a-domains [36J. In the case of (lll)-BFO, 
the structure is rhombohedral with the trigonal axis (and thus the polarization) oriented 
along the growth axis, out-of-plane of the film [23j. For (OOl)-BFO, although initial x-ray 
measurements indicated a tetragonal symmetry [24] local measurements of the polarization 
(as discussed in section VII) show both in- and out-of-plane components, thus suggesting 
a monoclinic structure in which the polarization lies close to the <111> crystallographic 
axes. At the coherence length of the x-rays used for the measurements, the small size of the 
intrinsic domains leads to averaging over the 8 different polarization variants, thus presenting 
an effective tetragonal structure. 

B. Piezoresponse Force Microscopy measurements 

AFM measurements were made at ambient conditions with a Nanoscope Dimension V 
with NCS18 Cr-Au tips from MikroMasch or MESP from Veeco presenting similar geomet- 
rical characteristics [37]. PFM images were performed in contact mode at 20 kHz, with 
ac voltage amplitude of 2.5-5 V, and a deflection setpoint of 0.5 V. We also performed 
double-pass PFM, interleaving two measurements on each scan line, with the first pass in 
the strong-contact regime just described, and the second pass made with different deflection 
set points, and thus with different forces between the tip and the substrate, so as to be in 
either weak-contact or even in non-contact (tip/surface separation around 5 nm) regimes. 
In such measurements of the weak and non-contact regimes, the lower mechanical coupling 
between the tip and the surface [25j would give a greater weight to possible electrostatic 
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FIG. 1: Surface topography of 70 nm c-axis PZT (a), 250 nm PZT including a-axis domains (b), 
(OOl)-BFO (c) and (lll)-BFO (d) thin films performed by AFM, showing rms roughnesses of 4 A 
for c-axis PZT, 1.3 nm for thicker PZT and 2 nm for BFO. Horizontal scale bar is 0.5 /im in (a) 
and (b), 0.6 /im in (c) and 0.7 /im in (d). 

contributions, allowing us to explore their role in the origin of the LPFM signal at domain 
walls. 

C. Electric Force Microscopy measurements 

To further measure the purely electrostatic interaction between the AFM tip and the 
sample surface, we performed electric force microscopy (EFM) measurements, interleaving 
standard topographic tapping mode line scans with lift mode, in which the tip is scanned 
at a constant distance above the surface, and electrostatic interactions can be measured 
through the phase shift of the tip resonance. In order to minimize the contributions from 
topographical and short range van der Waals forces, relatively large distances were chosen. 
Using either a tapping-mode-like excitation to obtain vertical oscillation of the cantilever 
(vertical EFM or VEFM) or a torsion mode excitation to obtain an oscillation of the tip 
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around the cantilever axis (torsional EFM or TEFM), we were able to access both out- 
of-plane and in- plane components of the electric field. In each case, the presence of an 
electrostatic force along the direction of the tip oscillation near resonance (due to a vertical 
electric field for VEFM, and a horizontal electric field, perpendicular to the cantilever axis, 
for TEFM) leads to a change of phase or amplitude of this response, giving rise to a signal. 

In the VEFM case, the first vertical bending resonance around 70 kHz was used while for 
the TEFM measurements, the tip was excited in the lateral bending resonance mode around 
800 kHz. 

D. Simulations 

To simulate the interaction between the tip and the ferroelectric material, and to compute 
the resulting cantilever deflection and torsion in the different possible scenarios, we used 
COMSOL Multiphysics 3.5, with the geometry of a typical NCS18 Cr-Au tip. The position of 
the base of the cantilever, which is clamped to the cantilever holder in the actual experiment, 
was set at a fixed position and a force was applied at the tip apex. The applied force was 
a superimposition of a vertical force of 10 nN and a varying vertical or horizontal force 
(between and lOn N) in order to simulate either a horizontal or a tilted surface below the 
tip and compare the results with the rf 33 vertical piezoresponse. 

III. LATERAL PFM AT DOMAIN WALLS 

In this section, we show VPFM and LPFM measurements in PZT "up" -polarized mon- 
odomain films on which we have written "down" domains by applying a positive voltage 
while scanning the tip over the surface of the designated area. 

In a measurement performed immediately after writing with +8V over a 2x2/xm 2 area, 
we observe [26j the expected 180° contrast in the VPFM phase between "up" and "down"- 
polarized regions (Fig. [2](a)). Correspondingly, a minimum in the VPFM amplitude is seen 
at the domain walls (Fig. [2](b)). In the simultaneously recorded LPFM measurement, a 
nonzero phase signal is observed only at the position of the domain walls which are parallel 
to the cantilever axis (Fig. |2](c)), as confirmed by maxima in the amplitude. Moreover, the 
sign of the phase signal depends on the relative positions of the "up" and "down" domains 
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FIG. 2: PFM measurements of a square "down" -polarized ferroelectric domain written on an 
"up" -polarized 70 nm PZT film by applying +8V while scanning over a 2x2fim 2 area. The VPFM 
measurement shows a 180° phase contrast [(a) and (i)] with a corresponding minimum in the 
amplitude at the domain wall [(b) and (j]. In the LPFM signal, two opposite features are observed 
in the phase at the domain walls [(c) and (k)], perpendicularly to the AFM cantilever, with a 
corresponding rise in the amplitude [(d) and (1)]. The orientation of the cantilever is indicated in 
inset in (c) and (k). Horizontal scale bar is 0.5 /im for (a)-(d) and 0.6 fim for (e)-(h). The fast scan 
direction, the same for all measurements, is along the cantilever length. For the first measurement 
set, line cuts corresponding to the vertical blue lines in [(a)-(d)] are shown in [(e)-(h)]. 

with respect to the AFM cantilever axis when it is at the position of the domain wall [38] . 
This observation was confirmed when we manually rotated the sample by 45° to change 
the relative position of the cantilever with respect to the written domain (Fig. [2](i)-(l)). 
The domain walls which are perpendicular to the cantilever in Fig. [2](c)-(d), for which the 
response would be along the cantilever axis and thus non-detectable by the torsional response 
around this axis, do not give a strong LPFM signal. When the sample is rotated by 45° 
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(Fig. (2](k)-(l)), these same walls, for which the lateral signal now has a non zero projection 
perpendicular to the cantilever, do give a strong LPFM signal. 

Such an LPFM signal had been observed in previous studies [19j [28j [29] and attributed to 
a number of different mechanisms. Initially, a surface deformation due to opposing vertical 
contraction and expansion on either side of the domain wall, inducing a sliding of the tip on 
the tilted surface was suggested by Wittborn et al. [20]. The same qualitative mechanism 
was later investigated by Scrymgeour et a/., who assumed that the tip friction could lead 
to a torsion of the cantilever [21]. Both explanations were however contested by Jungk 
et al. [22], who in turn proposed the contribution of the electrostatic interaction between 
the tip and the electric field arising from the change in sign of (unscreened) charges at the 
ferroelectric surface at the domain wall. More recently, numerical analyses in the framework 
of resolution- function theory by Morozovska et al. [4] showed that in a c-axis tetragonal film, 
where the d 35 and d 3 4 piezoelectric coefficients are zero by symmetry in uniformly polarized 
regions, the local breaking of symmetry at the 180° domain wall induces shear that leads 
to an effect similar to the one of finite d 35 and d 3 4 values (thus giving an effective d^/ 
coefficient), potentially giving rise to an LPFM signal [39J. 

IV. CONTRIBUTION FROM ELECTROSTATIC FORCES 

In PFM measurements, great care must be taken to correctly account for possible elec- 
trostatic contributions to the signal, which may be of the same order of magnitude as the 
mechanical response due to the local piezoelectric excitation of the material, depending on 
the specific contact force and tip parameters used [25J. A strong electrostatic interaction 
could lead to artefacts such as the mechanism proposed by Jungk et al. [22j to explain 
the observed LPFM signal at domain walls. To investigate the extent of the electrostatic 
contribution to our PFM signal, and particularly to the lateral signal at domain walls, we 
performed double-pass PFM measurements of linear domains (written with ± 10 V in a 250 
nm thick PZT film) with different contact forces down to zero force, i.e. in a non-contact 
configuration. 

The first pass was done in contact with a deflection setpoint of 0.5 V, as represented by 
the strong contact regime in Fig. [3](i) and (j). As previously, the VPFM measurement shows 
a 180° contrast in the phase response corresponding to "up" and "down" polarized regions 
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VPFM phase VPFM amplitude LPFM phase LPFM amplitude 




FIG. 3: Double-pass PFM measurement of domains written on a 250 nm PZT film by applying 
+10/-10/+10V to the tip. The first pass [(a)-(d)] is done in strong contact with a setpoint of 0.5 
V, while the interleave pass [(e)- (h)] is performed with different lift heights providing weak contact 
in the upper part and no contact in the lower part, as indicated in (e). (i) Typical force curve (in 
red solid line) with the strong, weak and non-contact configuration in the first and second passes 
(upper and lower part of (e)-(h), see horizontal dotted or dashed lines giving the used setpoint for 
the different passes). The cantilever orientation is given for all measurements in (b). The fast scan 
direction is perpendicular to the length of the cantilever. The scale bar is lfim. (j) Representation 
of the tip/cantilever and sample configurations in the three regimes described in (i). 

(Fig. [3^), with a decrease in amplitude at the position of the domain walls (Fig. [3)3), while 
a dark (resp. bright) contrast on the left (resp. right) of the written domain can be seen in 
the LPFM phase signal at domain walls (Fig. [3)3), associated with a strong increase in the 
LPFM amplitude (Fig. [3^). 

Following the topography acquired during this first pass, but this time with a different 
applied force, a second PFM pass was performed for every scan line. Initially (upper part of 
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Fig. [3](e)-(h)), a small force was applied, resulting in weak contact between the tip and the 
surface, as represented by the weak contact regime in Fig.[3](i) and (j). Partway through the 
measurement (lower part of Fig. |3](e)-(h)), the tip-surface force was decreased even further 
by lifting the tip above the surface (non-contact) j40j. In the weak contact regime, the 
obtained results for both VPFM and LPFM signals are similar to those measured during 
the strong contact first pass, although more noisy. In addition, the observed LPFM phase 
signal at the domain wall is narrower in the second pass. In the non-contact configuration, 
the contrast disappears in both VPFM and LPFM phase reponses (Fig.[3](e) and (g)), as does 
the increased LPFM amplitude at domain walls Fig.[3](h). The decrease in VPFM amplitude 
associated with domain walls also disappears, although we note a faint contrast between the 
two different polarization orientations (Fig. [3](f)), strongly reminiscent of an electrostatic 
signal, and possibly due to the electrostatic interaction in the non-contact regime. 

From these observations we can conclude that mechanical rather than electrostatic inter- 
actions are the dominant contribution to the observed LPFM response, since it is when the 
mechanical contributions are minimized by lifting the tip into a non-contact regime above 
the surface that the LPFM signal disappears. Indeed, the stronger signal during the first 
pass is consistent with the better mechanical coupling in a strong contact regime, allowing 
the tip to more easily follow the lateral deformation of the surface at the domain wall. As 
the mechanical coupling worsens with decreased tip-surface contact force, the tips follows 
this lateral deformation less easily, resulting in narrower observed features, and generally a 
lower signal to noise ratio. We emphasize here that similar results are obtained for thinner 
PZT and BFO films. 

To further explore the extent of electrostatic contributions at domain walls, we performed 
EFM measurements on similar domains written in a 70 nm PZT sample. We expect these 
measurements to be even more sensitive to electric forces than the double-pass PFM con- 
tact mode measurements, since EFM images are acquired in a non-contact mode, with the 
cantilever close to resonance. 

The strong VEFM contrast observed immediately after domain writing [Fig. [4](a)], di- 
minished progressively with time, decreasing by an order of magnitude over one month 
[Fig. |3](b)], all measurements being performed in the same conditions (30 nm tip lift and 
+1V dc bias applied to the tip). However, as we previously reported [26], both VPFM and 
LPFM signals remained of comparable magnitude throughout the duration of the exper- 
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FIG. 4: EFM measurements performed in tapping [(a) and (b)] and torsion [(c) and (d)] modes on 
domains written on a 70 nm PZT film. The VEFM signal measured in the same set of domains 
immediately after domain writing (a) and one month later (b) shows an intensity decrease of an 
order of magnitude (both measurements were performed with a tip lift of 30 nm and a +1V dc bias 
applied to the tip and are shown with a vertical scale of 2° ). The TEFM signal observed with +3V 
(c) and -3V (d) dc bias applied to the tip immediately after writing was not observable after one 
month (not shown). The white bar is 1.2 um (a), 0.55 um (b) and 1.1 um (c)-(d). The orientation 
of the long axis of the rectangular domains is indicated by the green arrow in each measurement. 

iment. The different time evolution of the electrostatic and piezoelectric signal therefore 
strongly suggests that the observed LPFM response at domain walls is largely independent 
of electrostatic interactions. 

To directly investigate the presence of closure electric fields at domain walls as proposed by 
Jungk et al. [22] , we also carried out TEFM measurements to check for the possible presence 
of a strong horizontal electric field at the domain wall expected in this scenario, resulting 
from unscreened positive charges on one side of the domain wall and negative charges on 
the other side. In this mode, the cantilever is excited at a lateral torsion resonance. Thus, 
the presence of a horizontal electric field perpendicular to the cantilever axis will lead to a 
horizontal force acting on the charged tip, and should change the resonance phase, giving rise 
to a TEFM signal. We note that the electric field at the origin of the mechanism proposed 
by Jungk et al. for LPFM signal at domain walls is assumed to occur to counteract the 
depolarizing field present in an unscreened configuration of alternately polarized domains. 
More generally, such a scenario could also originate from overscreening of the ferroelectric 
charges during writing with the AFM tip, and would in this case be in the opposite direction. 
In either case, the presence of such horizontal electric fields would lead to both a VEFM 
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signal with positive or negative contrast on the domain, and a concomitant TEFM signal at 
the domain walls. 

However, as show in Fig. [4](c) and (d) TEFM images taken in the same region as in 
Fig. [4](a) immediately after domain writing, with a tip lift of 15 nm and ±3V applied to 
the tip, only a very faint contrast (0.1° ) is observed between "up" and "down" polarized 
regions, its sign depending on the sign of the tip bias, similarly to the VEFM images. Such 
coupling between VEFM and TEFM could be due to a small vertical oscillation of the tip 
associated with the cantilever torsion. More importantly, no particular features are observed 
at the domain walls, as would be expected in the presence of the proposed horizontal field. 
Moreover, we observed that this weak TEFM signal had completely disappeared during the 
next measurement, one month later. 

The decrease of the EFM signal over time can be understood as the passivation of the 
excess screening charges brought to the surface during domain writing, and which lead to 
a strong initial EFM response. These excess charges are then passivated to equilibrium 
pET] and the EFM signal decreases accordingly. In the specific measurement of Fig. [3J 2 
"down" -polarized domains were written with +10 V, separated by an unwritten region with 
the as-grown monodomain "up" polarization, giving rise to a repulsive interaction (bright 
contrast in VEFM) with a positively biased tip, separated by the same mid-range contrast 
as that observed over the rest of the unwritten background. With time, this bright contrast 
becomes closer and closer to the same mid-range level. 

In summary, we have shown in this section that electrostatic interactions contribute only 
weakly to the LPFM signal observed at 180° domain walls in PZT, and may thus be neglected 
in the search for the microscopic mechanisms leading to this phenomenon. 

V. CONTRIBUTIONS FROM VERTICAL SURFACE DEFORMATIONS AND 
ROUGHNESS 

Having shown that mechanical contributions dominate in the observed LPFM signal at 
180° domain walls, we now discriminate between different possible scenarios. As a prelim- 
inary observation, it has been shown that the surface morphology of the sample can lead 
to significant artefacts, especially in the LPFM signal [9j. However, the very low surface 
roughness of the PZT films, along with the fact that the observed features can be seen only 
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at domain walls, allow this hypothesis to be eliminated. The observed LFPM response is 
clearly associated with domain walls themselves, and is not an effect of features on the film 
surface. 

We then investigated the scenario proposed by Wittborn et al. [20], where the opposite 
vertical deformation on either side of the domain wall results in a tilt of the surface below 
the tip, and can lead to torsion of the cantilever. In order to quantify this contribution, we 
first calculated the tilt angle of the surface at a 180° domain wall in PZT, as illustrated by 
Fig. [5^i. Under the action of an out-of-plane electric field E z corresponding to an applied 
voltage V of IV across the thin film, we expect the elongation on one side of the domain 
wall and contraction on the other due to the inverse piezoelectric effect, thus giving a total 
height difference at the surface of 2d 33 x V. The surface, being continuous, locally tilts at the 
domain wall, with the lateral extension of this tilted region Ax depending on the anisotropy 
and elastic constants of the material. For PbTi03 (rf 33 =75pm/V), Morozovska et al. [4] 
have calculated that the change of height occurs over a distance of Ax = 40 nm. The tilt 
angle a of the surface at a domain wall is thus given by: 

a arctan(—) arctan(—^r — — ) 

,150.10" 12 N noiQ [) 

= arcton( ^oIF^ ) = - 21 

Using COMSOL Multiphysics, we then modeled a tip in contact with a horizontal or 
tilted sample surface, setting the cantilever base at a fixed position while applying a force at 
the tip apex, as detailed in section [11} Calculations were carried out with a constant vertical 
force of 10 nN, corresponding to the contact force, resulting in a vertical displacement of 
the cantilever with an angle (3=3.1 • 10 _4 ° (see definition of /3 in Fig. as represented in 
inset of Fig. [5](b). Onto this vertical force component, we superimposed varying vertical or 
horizontal forces of up to 10 nN that would account for vertical piezoelectric response and 
tilt of the surface, respectively. In this scenario, a slight tilt of the surface would also tilt 
the surface normal away from its initially vertical position, thus inducing a small horizontal 
component in the contact force. A zero horizontal force would thus correspond to an untilted 
horizontal surface and a 10 nN horizontal force to a surface tilted by 45° , that, although 
unphysically large, was considered for completeness. Representations of the distortion of the 
cantilever/tip system are given in insets of Fig.[5](b) (side view) for purely vertical deflection 
and Fig. [5](c) (front view) for different horizontal forces. 
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From Fig. |5](b) and (c), we can see that both deflection and torsion angles vary linearly 
when the corresponding force increases. However, the variation of the torsion angle with 
a horizontal force is much lower than that of the deflection angle with a vertical force, as 
indicated by the different gradients of the corresponding graphs. Thus, the tip remains on 
the surface when deflected by a given vertical force, but it will not remain perpendicular 
to the surface and will not follow the surface tilt. In this range of vertical and horizontal 
forces, the variation of deflection angle is around 3.1 • 10 _5 ° per nN and the variation of 
torsion angle is one order of magnitude below, around 5.6 • 10 _6 ° per nN. This is evidenced 
in the insets of Fig. [5](b) and (c). For a purely vertical force, i.e. an untilted surface, only a 
vertical deflection of the cantilever occurs, as shown in the inset of Fig. [5](b), and no torsion 
is obtained, demonstrated by the uniform mid-scale color of the lower left inset of Fig. [5](c). 
For a horizontal force of lOnN, corresponding to an unphysically large tilt of the surface, we 
begin to observe a small torsion of the cantilever superimposed on the vertical deflection, as 
shown by a non-uniform vertical displacement of the cantilever/tip system (see right inset 
of Fig. 0(c)). 

From these calculations, we extract values for the deflection and torsion angles that 
would give rise to vertical and horizontal signals on the photodiodes, respectively, as defined 
in Fig. [7| A typical vertical piezoelectric response would lead to a vertical displacement 
of d=150pm. By taking a force constant fc=3N/m, we obtain an estimate for the vertical 
force due to piezoelectric response of F = kd = 0.45nN (that has to be added to the 
contact force). This would correspond to a deflection angle of 1.4 • 10 _5 °. From the tilt 
of the surface by an angle of 0.21°, as calculated in Eq. [TJ the horizontal force would be 
FhoHzontai = sin(0.21°) = 3.7 • 10 -3 x F vertica i. The corresponding torsion angle would thus 
be 5.6 • 10- 6 x 3.7 • 1(T 3 x F vertical = 2.1 • 1(T 9 x F vertical . 

In our measurements, both vertical and horizontal signals have similar magnitudes [42] . 
In order to obtain a torsion angle in the same range as the deflection angle, one would thus 
have to have a contact force of F vertica i—AA • 10 3 nN, which is well above the typical contact 
forces (usually in the range between few tens and hundreds of nN with the tips used in 
our experiments), thus excluding the tilting of the surface at the domain wall as a realistic 
mechanism explaining the lateral PFM signal. 
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VI. SHEAR SIGNAL AT DOMAIN WALLS 



Having shown that neither electrostatic effect, nor surface tilting present a satisfactory 
explanation of the microscopic mechanism behind the LPFM signal observed at 180° domain 
walls in c-oriented PZT thin films, we therefore turn to the one scenario that does appear to 
agree with the experimental observations, that of a shear displacement occurring specifically 
at domain walls. A simple representation of the domain wall using consideration of basic 
elasticity and unit cell volume conservation can be used to qualitatively model the observed 
behaviour. In this case, as a result of the antiparallel orientation of the polarization on the 
two sides of the domain wall, the vertical deformation of the material in the presence of 
an out-of-plane field (due to the d 33 piezoelectric coefficient) will also be of opposite sign: 
an "up" -polarized domain in a positive field will expand, while its "down" -polarized neigh- 
bor will contract. However, by the Poisson effect, this vertical deformation will also result 
in lateral changes (the "up" -polarized cell contracting laterally, the "down" -polarized cell 
expanding laterally as a result of a positive applied out-of-plane field, which may also be 
expressed by the d 31 coefficient). In a uniformly polarized bulk sample, this effect, being 
symmetric around the PFM tip, would not lead to a lateral response. However, at do- 
main walls in a ferroelectric thin film, clamped to the non-ferroelectric substrate on which 
it is epitaxially grown, the upper region of the domain wall will therefore bend sideways, 
as schematically represented in Fig. [6| a typical shear motion, while the bottom remains 
clamped. Thus, when an ac electric field is applied through the film, as during PFM mea- 
surements, a lateral oscillation of the domain wall occurs, measured as an effective 
response. 

Within this shear scenario, we can calculate the expected deflection and torsion angles 
resulting from the purely piezoelectric response, ie. the d 33 coefficient giving rise to a vertical 
deflection and the giving rise to a surface translation below the tip. 

Fig. [7] gives a schematic picture of the tip/cantilever system when a vertical deflection 
or a horizontal shear are applied to the tip apex. Taking the same realistic values for 
the tip/cantilever system as for our COMSOL simulations, values of d 33 = 75pm/V and 
<i^=30pm/V at the domain wall [4], and an applied voltage V r =lV, we can determine 
deflection and torsion angles (/? and 7) that will lead to vertical and horizontal signals on 
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the photodiodes, respectively, as: 



(3 = arctan(— ) = arctan( 
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-5o 
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As can be seen from in this simple calculation, the vertical deflection and torsion angles 
given by the shear strain scenario are of the same order of magnitude, and would thus result 
in similar vertical and horizontal difference signals on the photodiode. This conclusion is in 
agreement with our experimental observations, suggesting that the shear motion of domain 
walls is a plausible explanation of the observed LPFM response. 

More quantitative analysis of the domain wall shear and the measured LPFM signal, 
taking into account all the non-zero terms of the piezoelectric tensor (d 31 , d 33 , and d 15 ) was 
carried out using resolution function theory by Morozovska et al [4] in several materials, 
specifically considering the symmetry of the piezoelectric tensor and the breaking of this 
symmetry at the domain walls. In purely c-oriented tetragonal ferroelectric films, for which 
the rf 3 5 piezoelectric coefficient is zero by symmetry within a domain in the bulk material. 
However, as a result of the broken symmetry (the sign change in the d 33 piezoelectric coeffi- 
cient on either side of the wall) local enhancement of the shear response at the exact location 
of a 180° domain wall is expected to occur, detectable as an "effective d 35 coefficient" which 
we have labelled . 

To compare our results with the numerical simulations reported by Morozovska et al, 
we determined the full width at half maximum (FWHM) of the LPFM amplitude signal, 
and the distance over which the d 33 piezoelectric coefficient changes sign (defined as the 
distance between ±75% of the total VPFM signal i?cos ip, where R and Lp are the amplitude 
and phase, respectively). For the domain walls shown in Fig. [2] the LPFM amplitude signal 
extends over 46±5 nm, and more generally varies between 40 and 70 nm for domain walls 
at different orientations to the cantilever axis. The corresponding distance over which the 
VPFM signal change sign extends over 62±3 nm, and more generally varies between 50 
and 90 nm. Following Morozovska, we normalize the values obtained from Fig. [2] by the 
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nominal tip radius of 50 nm, giving an LPFM amplitude FWHM of 0.92, and a distance for 
the ds3 sign change of 1.24. These ratios are comparable with the values of 0.95 and 0.93, 
respectively, obtained from the numerical simulations. One probable source of discrepancy 
is the actual tip radius. Studies [30], [3]] of the deterioration of an AFM tip in contact 
mode suggest that even with a few scans the tip size increases significantly from its nominal 
radius. A larger tip radius would lead to lower values of the renormalized LPFM amplitude 
FWHM and distance over which the VPFM signal changes sign, in closer agreement with 
the numerical predictions of Morozovska et al in the latter case. Furthermore, possible 
presence of background in the PFM measurement setup could decrease the sharpness of the 
signal at domain walls, leading to higher measured values. 

VII. OTHER TYPES OF MATERIALS AND DOMAIN WALLS 

From simple elastic considerations, the shear motion due to antiparallel vertical defor- 
mation of the material on opposite sides of the domain wall should not be limited to 180° 
domain walls in tetragonal ferroelectrics, and we would expect it to occur at every domain 
wall for which the surrounding domains present at least some component of antagonistic 
vertical motion. To test this hypothesis, we therefore measured the VPFM and LPFM 
response at different types of ferroelectric domain walls in both (lll)-oriented and (001)- 
oriented BFO films, whose more complex ferroelectric structure gave us the opportunity to 
look at 71, 109 and 180° domain walls [32]. 

A. BFO 111 

We carried out PFM measurements on (lll)-oriented BiFeOa thin films deposited on 
(111) SrTi03 substrates, presenting a rhombohedral structure [23j with one of the four 
<111> directions being purely out-of-plane and the three others being mainly in-plane. In 
the films studied, we find that the vertical component of the polarization is uniformly ori- 
ented "up" , as can be seen in the outer part of the VPFM image in Fig. [8](a), which presents 
a uniform dark contrast. In this as-grown region, the LPFM phase also presents a relatively 
homogeneous contrast, although with some small-scale structure, shown in Fig. [8](b) and (c) 
for two orthogonal cantilever orientations. These small variations can be readily correlated 
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with the surface morphology of the film, whose roughness is higher than that of the previ- 
ously considered PZT, as shown in Fig.[j](d), and thus allows surface contributions to appear 
in LPFM [9]. However, outside of these small features, no other LPFM signal is apparent in 
the as-grown film, and the mid-scale contrast suggest that in fact there is very little lateral 
response, and thus no contribution from an in-plane component of the polarization. The 
as-grown films are therefore monodomain, with a purely out-of-plane polarization directed 
along the corresponding <111> axis. 

In a selected region of the film, we wrote rectangular domains with a positive tip voltage, 
one of which is shown in Fig. [8j As expected, the VPFM phase contrast in the written region 
is now bright corresponding to a "down" polarization (see Fig.[8](a)), and at the domain wall, 
a decrease in VPFM amplitude is observed (Fig. [8](d)). In the LPFM images of Fig. [8](b) 
and (c), no change is observed inside the written domain (although once again there are 
small-scale features related to the morphology of the sample surface). We can thus conclude 
that the "up" polarization in the as-grown region and "down" polarization in the written 
region are separated by 180° domain walls. In the LPFM phase, as for PZT, we observe 
dark (on the left of the cantilever) and bright (on its right) contrast at the position of these 
domain walls when they are perpendicular to the cantilever: in Fig. [8](b), this alternate 
contrast is on the longer domain walls while in Fig. |8](c), it is on the shorter ones. Again, 
similarly to PZT, this contrast is accompanied by a strong increase in the LPFM amplitude, 
as can be seen in Fig. [8](e) and (f). 

Thus, in this non-tetragonal material, we also observed a similar lateral PFM signal at 
the position of the 180° domain walls. 

B. BFO 001 

We then studied the more complex (OOl)-oriented BFO films. In this case, the eight 
possible variants of the polarization present both in-plane and out-of-plane components. As 
can be seen in Fig.|9](a) and (b), in the as-grown region (outer part), both VPFM and LPFM 
phase images show a multidomain pattern. In this film, all components of the polarization 
are thus present. 

We then wrote rectangular domains with positive and negative voltage, scanning the tip 
with the slow scan axis along [010], and subsequently patterned an array of 5x5 circular 
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nanodomains by applying positive voltage pulses to the stationary tip at programmed po- 
sitions. As shown in VPFM phase measurements in Fig. |9](a) the regions corresponding 
to both "up" (dark contrast) and "down" (bright contrast) out-of-plane polarization com- 
ponents were successfully written. As can be expected, the circular nanodomains, written 
with positive voltage, are visible only when present in an "up" -polarized region. In the 
corresponding LPFM phase image of Fig. [9](b), which allows us to determine the component 
of the polarization along the [010] direction, we note that the in-plane component of the 
polarization has also been modified by the application of an electric field to the scanning 
tip. This in-plane polarization switching has already been observed in our previous study 
[33] and in another recent study [34J and has been attributed to the very small horizontal 
electric field provided by the tip combined with the tip motion. If we now look more closely 
in the written regions (Fig. |9](c,d)), we see that within a domain that presents only one 
out-of-plane component of the polarization (either dark or bright contrast in Fig. |9](c)), the 
in-plane polarization component is not homogeneous, as can be seen in Fig. [9](d). For ex- 
ample, within the region showing a dark contrast in the VPFM image, the LPFM contrast 
is either bright or dark (see region 2 vs. 3 in Fig. [9](c) and (d)). Similarly, in the region 
showing bright contrast in VPFM, different LPFM contrasts can be observed (see regions 
1 and 4 in Fig. |9](c) and (d)). The LPFM image taken after rotation of the sample by 
90° (not shown) indicates that along the [100] direction, the written domain present both 
polarization components. We can thus fully determine the orientation of the polarization 
in the different domains (see Fig. |9^), the arrow orientation giving the in-plane component 
and the gray level giving the out-of-plane component of the polarization. Thus by crossing 
the domain wall between regions 1 and 2, the polarization goes from P± to P% or P 2 + or 
from P 4 ~ to P 3 + or P 3 + , as defined in Fig. [9]f. Between regions 1 and 2, one thus encounters 
either 71 or 109° domain walls with opposite out-of-plane components of the polarization. 
A similar analysis may be done between regions 3 and 4. 

If we consider specifically the regions around the domain walls separating different out-of- 
plane polarization components, we note that the LPFM contrast is the same on either side 
of the domain walls and that the in-plane polarization component along the [010] direction 
is thus not changed. However, at the exact position of this out-of-plane domain wall a sharp 
LPFM contrast reversal is observed, ie. a thin dark line is visible in the bright contrast 
region (see dark arrow in Fig. [91(d)) and a vice- versa, a thin bright line may be seen in the 
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dark contrast region (see white arrow in Fig. [9j( 

This sharp opposite contrast line at the domain wall in LPFM response may be explained 
by a similar shear contribution to that observed in PZT and (lll)-BFO, as can be seen in 



Fig. 10, Under the action of an electric field applied along the out-of-plane [001] direction, 
the polarization tends to rotate to align with the field, as shown by the green curved arrows 



in Fig. 10. In regions 3 and 4 (Fig.|10|(a)), due to the non-zero bulk rf 35 coefficient, henceforth 
referred to as d™§, the surface shears towards [110]. However, at the domain wall separating 
these regions, the local coefficient leads to a shear along [110] since region 3 will contract 
and region 4 expand in the in-plane direction (ie. in both [110] and [110] directions) as a 
result of their antiparallel vertical deformation. This opposite lateral motion of the surface 
in the domain and at the domain wall will therefore give opposite LPFM contrast. The 
highly enhanced amplitude of the shear strain response (d^) at the precise position of the 
domain wall [4] allows this signal to locally dominate over the bulk response due to the 
uniform in-plane polarization component (d^). 

It is important to note here that the lateral extension of the domain wall response due to 
d^ is smaller in (001)-BFO as compared to (lll)-BFO or PZT. The important difference 
is that in the former, as we have just shown, a competition between the bulk domain and 
the domain wall responses occurs, which is not the case for (lll)-BFO or PZT, since these 
two materials do not present a bulk rf 35 response. In all cases, the value of d^ decreases 
with the distance between the tip and the domain wall [4]. In PZT and (lll)-BFO, where 
no bulk contribution is present, the shear response due to d^^response will be measurable 
until it decreases below instrumental resolution. In (001)-BFO the domain wall response 
will be more rapidly cancelled out by the bulk domain contribution d™ 5 leading to a much 
sharper feature. 

A similar analysis may explain the opposite contrast between regions 1 and 2 (bright 
contrast in Fig. [9]l) and the separating domain wall (dark contrast shown by the white 



arrow in Fig. |9p) as shown in Fig. 10 (b). 

In (001)-BFO thin films, a shear signal similar to the one at 180° domain walls has 
thus been observed in 71 and 109° domain walls presenting a reversal of the out-of-plane 
component of the polarization. 
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VIII. CONCLUSIONS 



In this paper we have explored in PZT and BFO thin films the lateral PFM signal observed 
at 180° domain walls separating regions with antiparallel out-of-plane polarization, due to 
a shear response. We have determined that neither electrostatic effects nor a tilting of the 
film surface can satisfactorily explain the observed phenomenon. Rather, the shear response 
is specifically allowed as a result of the breaking of bulk symmetry by the sign change 
of the piezoelectric deformation across the domain wall under the action of an applied 
vertical electric field. This translates into a shear movement of the domain wall, which could 
be of significant interest for applications requiring the horizontal propagation of a surface 
deformation, such as nanomechanical transducers in surface acoustic wave devices [35j. We 
then demonstrated that this scenario can be successfully generalized to other types of domain 
walls, which show a similar shear response as long as the regions on either side present anti- 
parallel out-of-plane polarization components. In materials such as BFO, the shear response 
competes with the signal due to a uniform in-plane polarization component across such 
domain walls, and has to be carefully considered during PFM analysis of these materials. 
Let's stress that, as this phenomenon is due to elastic response of the material, it may change 
in amplitude and/or sign for materials with different elastic properties [4j. 
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FIG. 5: (a) Representation of the torsion of a cantilever/tip system that could occur if the under- 
lying surface is tilted by an angle a at a domain wall, in block color. The state without surface 
tilting is represented by the dotted line, and the line-sketch of the cantilever. Evolution of vertical 
deflection ((b), dashed line) and horizontal torsion ((c), red line) angles as a function of the applied 
vertical (b) or horizontal (c) force with a superimposed constant vertical force of lOnN applied at 
the tip apex. The inset in (b) shows the side view of the vertical deformation of the cantilever. 
The two insets in (c) represent front views of the deflection and torsion of the cantilever/tip system 
for and 10 nN horizontal forces, as indicated by the arrows. In all the insets, the initial tip and 
cantilever position are indicated by the line sk^ches, while the colors correspond to the vertical 
displacement given in nm in the color scales for side and front views. 



I SUBSTRATE I 

FIG. 6: Sketch of domain wall shear in presence of an out-of-plane field E Z1 indicated by the 
dashed arrow. The initial domain wall positions are indicated by the dotted lines. The horizontal 
red arrows represent the lateral motion of the domain walls. 
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d 

FIG. 7: Schematic representation of the vertical deflection (a) and lateral torsion (b) of the 
tip/cantilever system resulting from a change in height of the surface (full and dotted lines in 
(a)) or in an in-plane displacement of the surface (b) leading to vertical and lateral signals on the 
photodiodes respectively. 
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FIG. 8: (lll)-oriented BFO film: VPFM phase (a) and amplitude (d) and LPFM phase (b)-(c) and 
amplitude (e)-(f) after writing a rectangle with positive voltage. In insets of (b)-(c), the orientation 
of the cantilever during LPFM measurement is given. The white horizontal bar is 1/xm. The fast 
scan directions is along the length of the cantilever, (measurements (a) and (d) were made at the 
same time as (b) and (e).) 
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FIG. 9: (OOl)-oriented BFO film, (a), (c), VPFM (b), (d) and LPFM phases after writing large 
rectangles with negative (dark color in VPFM) and positive (bright color in VPFM) voltage with 
slow scan axis along [010]. Circular nanodomains were then written with voltage pulses, (c)-(d) 
are a zoom in the region indicated by the rectangle in (a)-(b). For points, numbers and arrows, 
see text, (e) gives a schematic representation of the polarization orientation of (a)-(b): light and 
dark grey correspond to down and up out-of-plane component of the polarization respectively and 
the arrows indicate its in-plane orientation (two adjacent arrows indicate the mix of components), 
(f) gives crystalline axis orientation and in-plane polarization variants orientation, + and - gives 
the out-of-plane component. The white bar is 1/im. 
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FIG. 10: Schematic representation of the unit cells and of the polarization projected in the (110) 
plane in regions 1 to 4 of Fig. [9]>d (see numbers): at the domain wall between 3 and 4 (a) or 1 
and 2 (b). The effect of a field oriented along [001] is given by the green curved arrows and the 
resulting shear displacements at the surface due to the bulk, cRg, or to the domain wall, are 
represented by straight arrows along either [010] or [010]. 
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